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Plant biology: The salty tale of Arabidopsis
Dale Sanders
High concentrations of sodium chloride are toxic to
most plant species. New insights into the mechanisms
by which plants tolerate salt have emerged from the
identification of genes in Arabidopsis thaliana that play
a critical part in physiological resistance to salt.
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Most angiosperms — and all major crops — are unable to
withstand high concentrations of sodium chloride. Soils
containing concentrations of salt amounting to a few
hundred millimolar occur naturally, of course, and saline
land is estimated to represent between 2.3 and 6.4% of
global land surface [1]. As much as 13% of cultivated land is
thought to be salt-affected. In some instances, however,
agricultural activity is increasing this proportion because
salts dissolved in irrigation water are left in the soil after
evapo-transpiration. The problem is particularly marked in
arid and semi-arid regions of the world, where it is
estimated that some 10 million hectares of land are
abandoned annually as a result of increasing salinization [2].
There are, nevertheless, angiosperm species which are
tolerant to salt, and some even grow in sea water. It has
long been recognised that salt tolerance is a multigenic
trait, requiring at least capacity for osmotic adjustment, for
synthesis of compatible solutes (osmoprotectants) to retain
the water potential of the cytosol, and for effective
exclusion of salt or for its intracellular compartmentation.
Many salt-tolerant plants exhibit additional morphological
adaptations — for example, specialized bladder cells for
accumulation of salt or glands for salt excretion. A genetic
dissection of salt tolerance therefore appears at first sight
to be a daunting task, especially as most well-studied
model species are not particularly tolerant of salt.
Nevertheless, Arabidopsis thaliana, while regarded classi-
cally as ‘salt-intolerant’ because it will not grow at NaCl
concentrations higher than about 150 mM, does possess
some degree of tolerance: the species grows relatively
normally at 50 mM NaCl. Against this background, Jiang-
Kang Zhu and colleagues [3] commenced a mutant screen
for salt overly-sensitive (sos) mutants. The screen, which
avoided complications associated with unwanted isolation
of germination mutants, involved the painstaking transfer
of seedlings grown in normal, NaCl-free conditions onto
plates with 50 mM NaCl. The seedlings were then
inverted, and those with roots that were unable to grow
further on NaCl identified, because new growth on wild-
type seedlings occurred now in the opposite direction
(Figure 1). In all, three genes — SOS1, SOS2 and SOS3 —
were identified by this screen [3–5]. Each of the sos
mutants exhibits hypersensitivity to Na+ and also to the
more potent analogue Li+. Furthermore, each is defective
with respect to growth at low K+ concentrations, appar-
ently confirming the widely-held notion that Na+ toxicity
in plants arises through competition between Na+ and K+.
The molecular analysis of sos mutants has now begun.
SOS3 was isolated through positional cloning and found to
encode a protein with similarity to the regulatory B subunit
of calcineurin (protein phosphatase 2B) and neuronal Ca2+
sensors [6]. The partial rescue of the sos3 phenotype by ele-
vation of external Ca2+ nicely explains the old observation
in many species that Ca2+ has ameliorative effects on salt
toxicity [7], as the protein encoded by the sos3-1 mutant
allele is disrupted in a putative Ca2+-binding domain. Fur-
thermore, the sequence similarity of the SOS3 protein to
yeast calcineurin B suggested striking parallels between
plants and yeast in the way that they signal salt stress [8].
Thus, in yeast calcineurin modulates expression and activi-
ties of transporters exporting Na+ and importing K+, thus
maintaining a favourable K+/Na+ ratio in the cytosol. Yeast
Figure 1
The root bending assay. Wild-type and sos3-1 Arabidopsis plants
were grown initially on standard NaCl-free plates, then transferred
either to control plates or to plates containing 100 mM NaCl. After
inversion of the plates, the absence of further downward root growth of
the sos3-1 mutant on 100 mM NaCl is clearly visible. (Figure courtesy
of Becky Stevenson and Jiang-Kang Zhu.)
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calcineurin B mutants are, like sos mutants, hypersensitive
to Na+ and Li+. Despite these parallels, no plant orthologue
of yeast calcineurin A — the catalytic phosphatase subunit
of calcineurin — has yet been identified. 
A pair of recent papers from Zhu and colleagues [9,10] pro-
vides an insightful and surprising twist to the sos
story — demonstrating along the way that Arabidopsis is not
just a green yeast. The SOS2 gene has now been
identified, again through positional cloning [9]. SOS2 turns
out to be a serine/threonine protein kinase with two func-
tional domains. The catalytic domain itself resides at the
amino-terminal portion of the protein, with some allelic
mutations in this region lacking kinase activity. The impor-
tance of phosphorylation in salt tolerance is demonstrated
by the sos2-5 mutation, which causes loss of an invariant
glycine and production of a mutant protein that lacks
kinase activity. The SOS2 catalytic domain shows
extensive sequence similarity to the yeast SNF1 and
mammalian AMP kinases, which are involved in metabolic
and transcriptional regulation during homeostatic
responses to nutritional and environmental stresses,
respectively. SOS2 is, however, clearly distinct from
bona fide SNF1/AMP kinases from plants, because the
regulatory domains — located in both cases at the carboxy-
terminal portions of the proteins — do not resemble each
other. Instead, the carboxy-terminal portion of SOS2 shows
some similarity with the regulatory domains of ‘check-
point’ kinases, which are involved in DNA repair and repli-
cation. Physiological relevance of the regulatory domain is
indicated because the proteins encoded by several other
mutant sos2 alleles are selectively disrupted in this domain.
So, what of SOS3 and its relationship to SOS2? In
response to NaCl, sos2 sos3 double mutants are phenotypi-
cally indistinguishable from the (more severe) sos2 pheno-
type [10]. This lack of additivity between the sos2 and
sos3 phenotypes suggests that the SOS2 and SOS3 pro-
teins act on a single signal transduction pathway. Halfter
et al. [10] then performed the obvious experiment: they
‘put salt on the tail’ of SOS3 by using it as bait in a yeast
two-hybrid screen to identify interacting proteins. Half of
the clones from positive transformants were found to
encode proteins with significant similarity to serine/threo-
nine kinases, effectively comprising a family of seven
closely-related SOS3-interacting protein (SIP) kinases. 
While SOS2 was not identified in this screen — probably
because its low level of expression meant it was not repre-
sented in the prey library — its sequence is remarkably
similar to those of the SIP kinases. SOS2 does indeed
interact with SOS3. Halfter et al. [10] demonstrated this
both using the yeast two-hybrid system — by cloning
SOS2 directly into the prey vector — and also in a pull-
down assay in which radiolabelled SOS3 was incubated
with SOS2–GST bound to gluthionated Sepharose beads.
As might have been expected, this interaction is mediated
through the carboxy-terminal portion of SOS2, because
amino-terminal but not carboxy-terminal truncations of
SOS2 interact with SOS3 in two-hybrid assays.
Functionally, this interaction between SOS2 and SOS3
appears to be crucial. Although SOS2 readily undergoes
autophosphorylation in vitro in a SOS3-independent fashion
[9], the phosphorylation of synthetic peptides based on the
recognition sequences of other serine/threonine kinases is
absolutely dependent on the presence of SOS3 [10]. More-
over, this kinase activity is markedly stimulated by Ca2+.
The effects of Ca2+ appear to be directly on activating the
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Figure 2
Schematic diagram of the central role of SOS3 and SIP kinases in the
transduction of Na+ and other signals. During salinity stress, Na+
ions — entering the cell through non-selective cation channels — bind
to a hypothetical sensor, resulting in the elevation of cytosolic free
Ca2+ ([Ca2+]c). Ca2+ ions then bind to SOS3, which, if bound to
SOS2, activates the SOS2 kinase (the kinase and regulatory domains
of SOS2 are indicated as cat and reg, respectively). The activated
SOS2 kinase effects salt tolerance, possibly by direct phosphorylation
of Na+ transporters at the plasma membrane, and/or through activation
of transcription factors. The possible involvement of SOS3 in other
signaling pathways is indicated by its interaction with other, non-
SOS2, SIP kinases. The Na+/H+ antiporter, Na+ sensor, SOS2, SOS3
and other SIP kinases are shaded blue to represent the inactive forms
and red to represent the active forms.
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SOS2–SOS3 complex, because binding of the proteins is
not disrupted in Ca2+-free media.
Plants therefore appear to diverge from yeast in the way
they respond to high concentrations of NaCl. Whereas in
yeast, a Ca2+-binding protein (calcineurin B) activates a
protein phosphatase (calcineurin A), in Arabidopsis the
calcineurin B orthologue SOS3 activates a protein
kinase, SOS2. It is noteworthy that Halfter et al. [10]
failed to identify any protein phosphatases in their two-
hybrid screens with SOS3 as bait. As a result, we can
now begin to propose a realistic model for the way in
which plants handle high salt (Figure 2): intracellular
Ca2+, when elevated during salt stress, binds to the
transducer protein SOS3, which then activates the SOS2
serine/threonine kinase through its regulatory domain.
Of course, crucial questions remain which relate
principally to both the upstream and downstream parts of
this signal transduction pathway. How do plants perceive
Na+, and how does this in turn trigger the elevation of free
Ca2+? What are the targets of SOS2? Does SOS2, for
example, effect Na+/K+ homeostasis directly through
activation of appropriate transport systems, or is regulation
effected at a transcriptional level? And where does SOS1
fit into this scheme: is it, perhaps, a transporter itself?
Not least, the recent work from Zhu and colleagues [9,10]
has thrown up more general insights into signal transduc-
tion in plants. The newly-designated SIP putative protein
kinases are clearly products of a multigene family. Accord-
ingly, the SIPs might have diverse functions, but the likeli-
hood is that they are all regulated through interaction with
the Ca2+-binding protein SOS3. Thus, we might well
expect a growing account during the coming years of the
central role which this adaptor protein plays at the inter-
face between Ca2+ signaling and protein phosphorylation.
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